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Clinical studies have demonstrated that increased or more efficient toothbrushing leads to a reduction in gingival inflammation. Studies of experimentally induced gingivitis (L6e et al. 1965) suggest that this improvement in gingival health follows the removal of dental plaque. However, these findings have not led to the abandonment of the older view, expounded over thirty years ago by Gottlieb (1921) and by Fish (1935 Fish ( , 1944 , that the principal function of toothbrushing is to provide massage which increases the resistance of the gingival tissues by increasing keratinization.
At that time, it was thought that a civilized diet, by failing to provide the mechanical stimulus necessary for gingival health, leads to gingival softening, the formation of micro-ulcers and invasion of the deeper tissues by the ubiquitous microorganisms of the oral environment. By analogy with the commonly observed effects of friction on the epidermis, it was argued that the friction of toothbrushing results in the formation of a thicker gingival stratum corneum and hence a greater resistance to ulceration and bacterial invasion. This type of rationalization still appears to be the basis for the belief that gingival massage, by increasing gingival keratinization, plays a useful role in the treatment and prevention of periodontal disease.
Studies of the effects on the gingiva of increased or more efficient toothbrushing have failed to resolve the problem of whether repeated friction is able to alter gingival structure in a way that enhances the resistance of the tissue to the factors which produce inflammatory changes. Several studies of the effects of increased toothbrushing have reported a clinically observed reduction in inflammation but have failed to demonstrate associated changes in the pre-existing state of gingival keratinization (Castenfelt 1952 , Fraleigh 1965 . Other studies have demonstrated that increased toothbrushing leads to thickening of the gingival stratum comeum (Hirsch et al. 1967 , Kapur & Shklar 1962 , Bertolini 1955 or to parakeratinized gingival epithelia becoming more completely orthokeratinized (Merzel et al. 1963 , Derbyshire & Mankodi 1964 , Simaan & Skach 1966 , Robinson & Kitchen 1948 , Glickman et al. 1965 , Hirsch et al. 1967 . The keratinized state of healthy, nonmechanically stimulated gingiva is not known because unbrushed gingiva is invariably inflamed due to the accumulation of dental plaque. There is evidence to suggest that inflammation interferes with keratinization (Weiss et al. 1959 , Pindborg et al. 1962 , Demetriou et al. 1971 and it is therefore uncertain whether the changes in gingival keratinization which have been detected following increased toothbrushing are a direct result of friction upon the gingival epithelium or an indirect result of the removal of dental plaque leading to reduced inflammation within the tissue. This problem might be resolved if the basic nature of the epithelial response to friction were understood.
The results of a histological study of the epidermal response to friction which described thickening of the stratum corneum without change in the thickness of the malpighian region of the epidermis (Rubin 1949) led Rothman (1954 Rothman ( , 1964 to suggest that epithelial thickening is associated with a reduced rate of desquamation of keratinized cells. He postulated a change in the differentiation of the epithelium leading to the formation of a harder keratin which, like that of Fig 1 Control (left) andfriction specimens (right) ofrat palatal epithlelium after 14 daily applications offriction. Friction hasproduced a great increase in the thickness ofthe stratum corneum and malpighian region ofthe epithelium. There is an increase in both the size and number ofcells in the stratum granulosum and stratum spinosum. x 300 hair or nail, does not shed cells. The thickening of the stratum corneum was not thought to be associated with an increased rate of cell proliferation. However, Carter (1956) has shown that friction produces thickening of the malpighian region of the oral mucosa, a change which implies either increased cell proliferation or delayed cell maturation. Studies of the effects of massage (Bullough & Laurence 1960) or removal of cells by stripping with adhesive tape (Hennings & Elgjo 1970) indicate that even slight epidermal trauma leads to increased mitotic activity.
To gain a better understanding of the nature of the epithelial response to friction, changes in the histological appearance, cellular kinetics and pattern of keratinization within epithelia of various rodents were studied after frictional stimulation.
Materials and Methods
Frictional stimuli were applied to various epithelia using a small rotating brush driven by an electric motor. The spindle of the brush was interrupted by a helical spring, deflection of which produced a steady force at the brush-head during rotation. By a series of preliminary experiments, frictional stimuli were found which could be applied to the various sites to be investigated without disrupting epithelial structure.
Friction was applied daily to the keratinizing epithelia of the oral mucosa of rat palate, hamster cheek pouch and the skin of rat and mouse ear for periods of up to five weeks. During rubbing, the animals were either immobilized by means of a folded rubber sheet or were anesthetized by intraperitoneal injection of tribromoethanol (Avertin). Only adult male animals were used and the results to be described here are based on specimens from 40 Balb/C mice, 16 Sprague Dawley rats and 24 golden hamsters.
Sections of specimens from friction and control sites of each animal, processed by standard histological methods, were examined for changes in the histological appearance of rubbed epithelia and were used for counts of the cells in metaphase and the total number of interphase epithelial nuclei per unit length of epithelium. Half of each rubbed and control specimen of mouse ear epidermis was either (a) processed for electron microscopic examination or (b) frozen on a cryostat chuck for histochemical examination of the distribution of sulphydryl and disulphide groups and counts of the number of layers of cells in the stratum corneum (Christophers & Kligman 1964) .
Results
Friction produced a number of marked changes in all the epithelia studied:
(1) The epithelium of all specimens which had received seven or more daily applications of friction was greatly thickened (Fig 1) . This thickening was produced partly by an increase in the thickness of the stratum corneum and partly by an increase in the number of layers and size of cells in the underlying strata. The cells of the thickened stratum granulosum contained enlarged keratohyalin granules and the nuclei of cells of the stratum spinosum and stratum basale were larger than those of control specimens. These changes occurred within seven days. The epithelium of specimens which had received 21 or 35 daily applications of friction showed no further increase in epithelial thickness as a result of the more prolonged period of stimulation.
(2) The number of arrested metaphase figures per unit length of rubbed specimens of hamster cheek pouch epithelium and rat and mouse ear epidermis was consistently and significantly higher than that ofcontrol specimens (Table 1 ). Throughout the experimental period, the number of metaphase figures in the rubbed specimens of each particular type of epithelium remained raised to a similar level. Estimates of the increased mitotic activity of rubbed specimens could therefore be obtained by grouping counts from all specimens, irrespective of the number of applications of friction received. The number of metaphase figures in rubbed specimens of hamster cheek pouch epithelium and mouse and rat ear epidermis was respectively 3.0, 3.6 and 9.7 times higher than in the corresponding control epithelia (P<0.01 for each group).
(3) Counts of the total number of basal and suprabasal nucleated cells per unit length of rubbed specimens of mouse ear epidermis indicated that the number of nucleated cells in the stratum spinosum and lower stratum granulosum, had risen by over 60 % within seven days, but that longer periods of stimulation produced no further increase in cell number. The number of basal cells per unit length of epithelium was not increased by Table 2 friction and remained constant throughout the experimental period (Table 2) .
(4) There were fewer layers of squames in the thickened stratum corneum of rubbed mouse ear epidermis than in the stratum corneum of control epidermis. The increase in thickness of the stratum corneum was therefore due to an increase in the thickness of individual squames rather than an increase in the number of layers of cells. Examination of specimens by electron microscopy showed that individual keratinized cells of the stratum corneum of rubbed mouse ear epidermis were two to three times thicker than those ofcontrols.
Discussion ofthe Epithelial Response to Friction
The changes found in rubbed epithelia of both oral mucosa and skin appear to result from an increase in the rates of various cell activities. This finding is contrary to suggestions made previously by Rubin (1949) and by Rothman (1954 Rothman ( , 1964 that the thickening of the stratum corneum of rubbed epidermis is due to a decreased rate of shedding of squames following a change in the differentiation of the epithelium, and that the epithelial response to friction is not associated with increased proliferation of cells. The present findings that the thickened stratum corneum of rubbed mouse ear epidermis contained fewer layers of cells than control specimens, and that the increase in thickness was therefore due to cell hypertrophy rather than to an increase in cell number, takes away the necessity to postulate altered tissue differentiation leading to an accumulation of cells. Furthermore, examination of rubbed specimens did not provide any evidence of a formation of a 'hard' type of keratin; electron microscopic examination of the stratum corneum of rubbed epidermis revealed little difference in the fibrillar structure of the intracellular keratin and an examination of the distribution of disulphide and sulphydryl groups provided no evidence of a sulphydryl-rich keratogenous zone or of an increase in the disulphide content of the stratum corneum.
The response to friction of the keratinizing epithelia of both oral mucosa and skin therefore appears to be similar and results not from a Number of epithelial nuclei per field of vision of control specimens (C) of mouse ear epidermis and of specimens which had received 1-35 daily applications of friction (F). Average number of pairs of change in the composition of the stratum corneum, but rather from an increased rate of cell synthesis. This leads, first, to a rapid replacement of the cells which are lost from the surface by abrasion and, secondly, to a thickening of the stratum corneum as a result of cell hypertrophy.
The results of the present study indicate that the increased mitotic rate and greater thickness of the gingival epithelium after toothbrushing (McHugh 1967 , Hirsch et al. 1967 , Kapur & Shklar 1962 , Bertolini 1955 are direct results of frictional stimulation of the epithelium. Friction was not found to alter the differentiation of epithelia; therefore, the more completely orthokeratinized gingival epithelium which has been found in the majority of toothbrushing studies (Derbyshire & Mankodi 1964 , Simaan & Skach 1966 , Robinson & Kitchen 1948 , Glickman et al. 1965 , Hirsch et al. 1967 , Merzel et al. 1963 appears to be a measure of the keratinizing potential of the gingival epithelium. It would seem, therefore, that a greater degree of gingival keratinization may be attained once inhibitory effects of inflammation have been reduced by the more efficient removal of dental plaque. These qualitative changes in keratinization appear to be of little significance to a discussion of the prevention of gingival inflammation by friction-induced changes in keratinization because such changes are not produced by the effect of friction upon the epithelium and are the result, not the cause, of the associated reduction in inflammation.
The examination of the way in which other changes in gingival keratinization might increase gingival resistance requires consideration of the factors involved in the etiology of periodontal disease. Although the specific agents producing inflammatory changes are at present unknown, there is 'overwhelming evidence that these initiating agents are local and affect the gingival attachment at the crevicular level' and that 'in most instances these agents are bacterial products acting on the underlying tissue integrity' (World Workshop in Periodontics 1966) . The concept of a friction-induced increase in the gingival resistance to inflammation mediated by altered keratinization therefore requires, first, that the thickened stratum corneum produced by friction act as a more efficient barrier to the agents producing inflammation, and secondly, that friction be able to induce keratinization of the epithelium lining the gingival sulcus, the site of the initial lesion of periodontal disease.
Commonplace observation of the toughness of the epidermal callus produced by friction on palmar and plantar surfaces, and experimental demonstration that the thickened epidermis produced by friction is able to withstand frictional stimuli which destroy normal epidermis (Mackenzie 1970) indicate that the epithelial response to friction forms an effective functional adaptation to the challenge of increased mechanical stress. It does not necessarily follow that the thickened stratum corneum is also a more effective barrier to permeability. Kligman (1964) states that epidermal callus is more permeable to water than the stratum corneum of unrubbed epidermis, and the normally thick stratum corneum of palmar surfaces is a less efficient barrier to the passage of a number of substances than is the thinner stratum corneum of other sites-Even if the thickened stratum corneum of rubbed epithelia were to form a more effective barrier, there is no evidence to suggest that friction can induce the crevicular epithelium to form a barrier of this sort. According to Trott (1957) and McHugh (1964) , the crevicular epithelium does not normally keratinize. Friction has not been found to affect the differentiation of epithelia and it therefore appears improbable, even if the practical difficulties of applying friction to the surface of the crevicular epithelium could be overcome, that massage can produce a keratinized barrier at this site.
Summary
Toothbrushing appears to have two quite separate effects on gingival keratinization. One, the direct effect of frictional stimulation, leads to an increased mitotic rate and greater thickness of both the malpighian region and the stratum corneum of the gingival epithelium. The other, an indirect effect of the more efficient removal of dental plaque which leads to a reduction in inflammation, allows the gingival epithelium to express more fully its keratinizing potential. There is, however, no evidence to suggest that either of these changes in keratinization affects the crevicular epithelium or increases the resistance of the gingiva to inflammatory changes. The clinical improvement in gingival health which accompanies increased or more efficient toothbrushing is interpreted as being a result of the removal of dental plaque rather than as an increased resistance of the gingival tissues mediated through increased gingival keratinization.
